Abstract: The protein disulphide isomerases (PDI) typically catalyse the formation and isomerization of disulphide bonds during the folding of nascent proteins. Some PDI isoforms may also have chaperone roles under house-keeping and/or stress conditions. Human PDIs and PDI-like (PDIL) proteins show a diverse array of catalytic and chaperone roles. However, understanding of the diversity and roles of plant PDILs is limited. This work aimed to identify the PDIL superfamilies in the two main cereals, rice and wheat, to identify candidates with potential roles in seed storage protein deposition and stress response processes. Searches of the rice genomic and wheat transcript assembly databases, with the Arabidopsis PDILs as queries, led to the identification of twenty two genomic loci in rice, encoding up to thirty two putative coding sequences, as well as twenty expressed sequence tags in wheat. The gene structures in rice ranged from 3 to 15 exons, the exon lengths ranging from 22 to 1,054 base pairs (bp) and the intron lengths from 74 to 1345 bp. The wheat TAs ranged from 584-2,444 bp and many sequences appeared to be orthologous to some of the rice loci. The putative proteins of both plants exhibited the characteristic thioredoxin active-site motif WCXXC, but significant diversity in the lengths of putative proteins and the composition or positions of functional domains therein. The PDILs thus fell into five major groups: PDIL1 (7 in rice; 4 in wheat); PDIL2 (9 rice; 4 wheat); PDIL5 (7 rice; 10 wheat); QSOXL (2 rice; 1 wheat); APRL (7 rice; 1 wheat). The analysis of the gene and putative protein sequences, the functional domains of the latter, and comparisons to literature have led to identification of a number of sequences with potential enzymatic and/or chaperone roles. Several of these appear to be candidates for key roles in seed storage protein folding, plant development and stress response processes in these important crops.
Introduction
The 'foldase' enzymes residing in the lumen of the endoplasmic reticulum (ER) have catalytic and/or chaperone roles, and are crucial in assisting in the formation of new disulfide bonds, alternative isomerisations of incorrectly formed disulfides, and prevention or resolution of incorrect aggregates during protein maturation processes. If these events fail, the unfolded protein response (UPR) or ER stress response is activated and the misfolded/unfolded proteins are targeted for degradation, generally by ER chaperones (Martinez & Chrispeels 2003; Vitale & Ceriotti 2004) . Three groups of proteins mainly drive these processes: the protein disulphide isomerases (PDI) and PDI-like proteins (PDILs), the peptidyl prolyl cis-trans isomerases (PPIases), and the binding protein (BiP)/heat shock protein (Hsp70) chaperones.
Work on human and other animal PDIs shows that PDI belongs to the thioredoxin (TRX) protein superfamily, which catalyzes cellular redox reactions (Holmgren 1985) , and interacts with nascent polypeptides to catalyze the formation and isomerization of disulphide bonds (Creighton et al. 1980 ). The secondary structure of PDI has been studied in humans and rodents and typically comprises four domains (a, b, b', a') , an x-linker and a C-terminal acidic extension (Kemmink et al. 1997; Freedman et al. 2002; Wilkinson & Gilbert 2004) . The a and a' domains contain the active site (WCGHC) that mediates the oxido-reductase activities responsible for disulfide formation and isomerization (Wilkinson & Gilbert 2004) , the b' is the main substrate-binding site, the b domain possibly possesses a structural role Klappa et al. 1998; Freedman et al. 2002; Ellgaard & Ruddock 2005) , the x-linker regulates the accessibility of b' to the substrate (Nguyen et al. 2008) , and the acidic C-terminal region ends with ER retention/retrieval signals, e.g., KDEL in human PDI (Freedman et al. 2002) . The human PDIL family is comprised of twenty one members: nineteen PDILs (Appenzeller-Herzog & Ellgaard 2008) and two QSOXLs (which exhibit the motif WCXXC at the N-terminus and an Erv1-like domain for sulfhydryl oxidase activity at the C-terminus) (Lee et al. 2000 ; Thorpe et al. 2002) . In terms of biochemical activities, human PDI functions in the ER lumen as an enzyme and a chaperone, e.g., catalyzing the regeneration of ascorbic acid (Wells et al. 1990) , and refolding of denatured D-glyceraldehyde-3-phosphate dehydrogenase and suppressing its aggregation (Cai et al. 1994) . PDI is also a subunit of certain proteins, whereas PDILs have roles as components of peptide-loading complexes or in protein retention in the ER (Noiva 1999) . PDI also functions in other cellular compartments or on the cell surface, and may function in cell-cell interactions (Noiva 1999; Kim et al. 2009 ), transport of nitrous oxide (an intracellular signalling molecule) and estrogens (Sliskovic et al. 2005; Fu et al. 2008) , activation of tissue factor (a major initiator of blood coagulation) (Manukyan et al. 2008) , and accumulation of misfolded proteins in neuro-degenerative diseases (Nakamura & Lipton 2009). It also has roles in apoptosis during ER stress caused by accumulation of misfolded proteins (Jeong et al. 2008 ) and accelerating ERAD (ERassociated degradation) (Ushioda et al. 2008) . It can be used for studies of obesity and inflammation (Boden et al. 2008) , and the inhibitors of PDI may have a potential in cancer treatment (Horibe et al. 2008; Fonseca et al. 2009 ).
Studies on plants PDIL families are much more limited, but interestingly, the few reports show these families to be more complex. Based on the number of secondary subunits and variations at the TRX catalytic motifs, 104 putative protein sequences with TRX domains have been identified in Arabidopsis, grouping into five families: the TRXs, glutaredoxins (GRXs), PDILs, peroxiredoxins (PRXs) and ferredoxins (FRXs). The plant PDILs further include PDIs, the QSOX-like proteins (QSOXLs; see QSOX above), and as well as the unique adenosine 5'-phosphosulfate reductase-like (APRL) group with an N-terminal chloroplast targeting peptide, an adenylyl sulphate reductase (APR) activity core and a C-terminal WCXXC (Prior et al. 1999; Jacquot et al. 2002; Houston et al. 2005) . Recent work (d'Aloisio et al. 2010) has confirmed the complexity of plant PDILs, with 109 members identified from nine plant species (including wheat, rice and ), grouping into eight subfamilies: I (typical PDIs), II and III (both with two TRX domains, one each at the N-and C-terminus); IV and V (two TRX domains, at the N-terminus); and VI, VII, and VIII (each with a single TRX domain).
Research in cereal PDIs has largely focused on their potential roles in seed storage protein assortment and deposition-related processes, due to the significance of these proteins to nutrition and agricultural industries. The seed storage protein deposition processes in wheat and rice typically involve: (i) targeting of the nascent polypeptides to the ER lumen; (ii) their folding, followed by assortment and assembly of the appropriate types of polypeptides into protein bodies (PB); and (iii) deposition of the PBs into the endosperm cells by two simultaneous pathways: the standard pathway, via Golgi to the protein storage vacuole (PSV), or accumulation directly into PBs in the ER lumen (Shewry & Halford 2002; Herman & Schmidt 2004; Vitale & Ceriotti 2004; Tosi et al. 2009 ). These complex events, carried out over a period of a few days, clearly indicate the need for 'foldase' catalysts and chaperones. Further, the storage protein processes represent internal ER stress, and external environmental factors also affect storage protein quantity and accumulation (Dupont et al. 2006 ), further pointing to the possible involvement of foldases and chaperones. In support of this, PDI has been found sequestered in wheat PBs (Grynberg et al. 1977; Roden et al. 1982) , and noted to be upregulated in seed development, co-localizing with the storage proteins in the PBs (Shimoni et al. 1995b ). The ability of PDI to mediate storage protein folding was demonstrated through wheat γ-gliadin synthesis mediated by dog microsomal PDI in vitro (Bulleid & Freedman 1988) . A number of other observations also support the role of PDI; e.g., expression of both PDI and BiP was high during wheat endosperm development (Grimwade et al. 1996; DuPont et al. 1998) , PDI and BiP appeared co-operate in zein deposition in maize (Li & Larkins 1996) , barley PDI levels correlated with hordein accumulation (Mogelsvang & Simpson 1998) , and the wheat endosperm transcriptome showed PDI3 amongst the highly expressed genes (Laudencia et al. 2006) . Studies on the rice mutant esp2 (endosperm storage protein 2), which exhibits unusually partitioned proteins and PBs, confirmed the causative role of PDI in the assortment of prolamins and proglutelins, as the mutant lacked the transcripts of PDI (OsPDIL1-1; LOC Os11g09280) (Takemoto et al. 2002) . Many soybean PDIs also function in storage protein folding and ER stress response, through enzymatic and chaperone activities and/or degradation of unfolded proteins Kamauchi et al. 2008; Iwasaki et al. 2009 ).
The impressive range of roles of human PDILs suggests PDI is not restricted to catalytic roles alone. Indications of the functional specialisations of PDILs are now emerging in plants, too. For example, the Arabidopsis PDILs are found to be upregulated under ER stress (Lu & Christopher 2008a) , functional in seed development (Ondzighi et al. 2008) , embryo sac maturation and pollen tube guidance (Yang et al. 2009 ), unfolded protein response (UPR) and construction or function of the photosynthetic apparatus (Lu & Christopher 2008b) , and regulation of starch metabolic enzymes (Lu & Christopher 2006 , 2008c . The carrot PDIL1 (Xu et al. 2002) may function in Ca +2 storage or interaction with other proteins, a wheat PDI possibly functions in defense from fungal pathogens (Ray et al. 2003) , the PDI in Oldenlandia affinis functions in biosynthesis of cyclotides (of pharmaceutical importance) (Gruber et al. 2009 ), soybean PDIs have a role in ER and/or osmotic stress (Irsigler et al. 2007 ) and a PDI of Thellungiella halophila has a role in cold stress (Gao et al. 2009 ). Interestingly, rice and wheat comprise the most important cereal crops in the world, and the crop yield and grain quality are highly reliant on quality control of seed storage protein deposition. However, there is limited understanding as yet on the contribution of PDI in wheat, except for the reports from our laboratory (Johnson et al. 2001; Johnson & Bhave 2004) and others (Ciaffi et al. 2006 ) of the three homologous genes on group 4 chromosomes, and recent report of eight non-homologous groups of genes including TaPDIL2-1 on group 6 chromosomes, TaPDIL3-1 on group 7, TaPDIL4-1 on group 1, TaPDIL5-1 on group 5, TaPDIL6-1 on group 4, TaPDIL7-1 on group 2, and TaPDIL7-2 on group 6 chromosomes (d'Aloisio et al. 2010 ). The present work uses computational tools to identify the complete PDIL gene families in rice and wheat, analyse the encoded proteins products, predict the physical locations of the wheat genes, and identify new candidates with potentially important roles.
Methods
Retrieval of rice and wheat genes and analysis of intron/exon structures of rice genes The putative PDIL gene family members in rice (Oryza sativa ssp. japonica cv. Nipponbare) were searched in the Rice Genome Annotation database Release 6.1 (http://rice. plantbiology.msu.edu/osa1.shtml) using the Arabidopsis PDIL genomic sequences (Houston et al. 2005) as queries for BLASTn searches. The Putative Function Search tool and the terms disulfide and isomerase; quiescin and sulfhydryl; and adenosine and phosphosulfate and reductase, were also used. The coding sequences were used as queries to search the rice transcript assembly (TA) (http://rice.plantbiology. msu.edu/locus expression evidence.shtml) database by BLASTn, for TAs that had very high (99-100%) identity with the query sequences in the comparable sections. The gene structures of rice PDILs were generated by comparison of the gene models to the expressed sequence tag (EST) or TA sequences, or the reported cDNAs (Houston et al. 2005) , using the Gene Structure Display Server (GSDS) (http://gsds.cbi.pku.edu.cn/). Amino acid sequences translated from exon contigs of rice PDILs were downloaded from the database. Searches of the TIGR Plant TA database (http://plantta.jcvi.org/) were conducted using the Arabidopsis PDIL coding sequences (CDS) to find the highly related TAs in common wheat (Triticum aestivum L.).
Sequence analyses, alignments, subcellular location predictions, phylogenetic analysis and search for quantitative trait loci The Bioedit sequence alignment editor v7.0.5 (http://www. mbio.ncsu.edu/BioEdit/bioedit.html) was used for analysis of raw sequence data. Sequence alignments were per- Gene  I  II  III  IV  V  VI  VII  VIII  IX  X  XI  XII  XIII  XIV  XV   1  OsPDIL1-1  203  31  288  189  126  138  120  118  113  213  2  OsPDIL1-2  179  31  288  189  126  138  123  118  113  249  3  OsPDIL1-3  158  325  189  126  138  117  118  113  195  4  OsPDIL1-3a  317  325  189  126  138  117  119  113  195  5 OsPDIL1 formed using the 'ClustalW multiple alignment' function in Bioedit, and alignments of genomic sequences with cDNAs were conducted to elucidate introns and exons. The alignments were displayed using 'plot identities to first sequence' in Bioedit and % similarity calculated by pair-wise alignments. The CDSs (exon contigs, cDNAs or ESTs) were translated using the 'translate or reverse-translate' option, the predicted amino acid sequences were aligned and compared as above, the sizes of predicted proteins were determined using the 'amino acid composition' option, and the phylogenetic trees were generated based on the alignments using neighbour-joining method in MEGA 4.0 (http://www.megasoftware.net/). Putative signal peptides were predicted by SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP), chloroplast transit peptides by ChloroP 1.1 (http://www.cbs.dtu.dk/ services/ChloroP) and cellular locations were predicted by WolF PSORT Prediction (http://psort.ims.u-tokyo.ac.jp), TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP) and/or alignments with Arabidopsis orthologues. The quantitative trait loci (QTLs) for traits of interest were searched by browsing the comparative grass genomics database (http://gramene.org/).
Results
Identification of putative PDIL gene sequences from wheat and rice In order to gain an understanding of the PDIL superfamilies in the most important cereals, rice and wheat, searches were undertaken using Arabidopsis PDILs as queries. Searches of the rice genome database led to twenty two putative OsPDIL genes, ranging in size from 2,171 to 9,042 base-pairs (bp) and exhibiting from 3 exon-2 intron to 15 exon-14 intron structures; OsPDIL1-6 being the longest gene (Fig. 1) . These encoded up-to thirty two putative CDS (length estimated from start codon to stop codon), due to eight loci potentially encoding two alternative splice forms and one encoding three (Table 1) . Only twenty three ESTs could be retrieved from the rice TA database, suggesting the genes OsPDIL2-4 (either splice form), OsPDIL5-3 and OsPDIL5-5 and five other splice forms may not be expressed, at least in the tissues that the ESTs came from. The CDSs (see above), inferred from exon contigs, cDNAs or ESTs, ranged from 378 to 1,692 bp (Table 1 ; DNA sequences not shown). The putative full-length rice PDIL proteins predicted from the CDSs ranged from 125 to 563 amino acid residues (13.9 to 62.2 kDa). Based on the characteristics of the main PDI domains (a, a', b, b'), any additional domains, and the number and details of the TRX catalytic site (WCXXC), these could be classified into five groups as for Arabidopsis (Houston et al. 2005) , i.e., OsPDIL1 (7 members), OsPDIL2 (9), Os-PDIL5 (7), QSOXL (2) and APRL (7) (detailed below).
The lengths of individual exons varied from 22 to 1,054 bp (Table 2 ) and the introns, from 74 to 1,345 bp. All putative intron/exon junctions were the classical GT/AG, except for intron IV of OsQSOXLs (AG/GC) (data not shown). OsPDIL1-1 and OsPDIL1-2 had similar structures, the lengths of exons II-IX being conserved. Interestingly, it appeared thatthe intron between exons II (31 bp) and III (288 bp) and a further 6 bp may have been lost to form the longer exon II (325 bp) of OsPDIL1-3 ( Table 2 ). The high identities between OsPDIL1-3, OsPDIL1-1 and OsPDIL1-2 at DNA and putative amino acid sequence levels (56% and 61%, respectively) (Table S1 ) suggest these loci may represent dispersed copies of an ancient gene. OsPDIL1-4 and OsPDIL1-5 shared the lengths of exons II, V and VI, but varied elsewhere. OsPDIL2-1/OsPDIL2-1a and OsPDIL2-2/OsPDIL2-2a showed conserved lengths of exons II-VIII and the identities between OsPDIL2-1 and OsPDIL2-2 were 82%. OsPDIL2-3 varied in its gene structure and had limited identity to other PDIL2s. OsPDIL2-4 and APRL1 had a notably short exon 1. OsPDIL5-2 and OsPDIL5-3 showed 74% identity and conserved lengths (but not sequence) of exon IV (308 bp). OsPDIL5-4 and OsPDIL5-4a exhibited a significant identity to each other, but not to other PDIL5s. QSOXL1/QSOXL1-a had multiple domains but varied in the splicing of last exon, and had limited identity to all other groups. The OsAPRLs possessed 2-or 3-intron structures but were highly variable in intron 1. The OsAPRL1 appeared unique in its long exon 2. OsAPRL2, OsAPRL3, OsAPRL3a and OsAPRL4 shared the length of exon II (188 bp) and OsAPRL2 and OsAPRL3 shared the length of exon III (125 bp).
The twenty wheat TAs identified from the TIGR Plant TA database ranged from 584 to 2,444 bp (DNA sequences not shown). These encoded full-length proteins of 14.7-63.7 kDa (130 to 585 residues) that could also be grouped into TaPDIL1 (4 members), TaPDIL2 (4), TaPDIL5 (10), QSOXL (1) and APRL (1) (Table 3). The CDSs of TaPDIL1s shared 43-97% identity, compared to the wide range in PDIL5s (12-88%) (Table S2) . TaPDIL1-1, TaPDIL1-2 and TaPDIL1-3 (96-97% identity) correspond to homeoallelic genes on group 4 chromosomes reported by us previously (Johnson et al. 2004 ). Other sequences with high identities, e.g., TaPDIL2-1 and TaPDIL2-2 (70% identity) or TaPDIL5-1, TaPDIL5-2, and TaPDIL5-3 (81-88% identity), also suggest duplicates or homeoalleles. The inter-group identities were more limited except those between TaPDIL2-2 and TaPDIL5-4 (76%), TaPDIL2-3 and TaPDIL5-9 (91%), and three TaPDIL1s and TaPDIL5-5 (55-56%).
The putative PDIL protein families in the two plants: identities and orthologues The TRX signature motif WCGHC of PDIs that exhibit enzymatic activity was restricted to the isoforms of the PDIL11, PDIL2 or PDIL5 groups in both plants (Figs 2,3; Fig. S1 , Tables S1,S3). The maximum intragroup identities of the putative full length PDILs in rice ranged from 56% (amongst OsAPRLs) to 83% (OsPDIL5s), and the minimum identities, from 1% (OsPDIL5s) to 10% (OsPDIL2s) ( Table S3 ). The intergroup identities were typically 5-25%, some being sim- ilar to intra-group identities, suggesting that at least some gene duplication events may have occurred before the split of the main PDIL groups. However, some of the low identities could also reflect alternative splice forms; further work is required to assess whether such forms are expressed and functional. The maximum intra-group identity for the wheat putative full-length PDILs ranged from 70% (TaPDIL2s) to 98% (TaPDIL1s), and the minimum from 9% (TaPDIL5s) to 26% (TaPDIL1s). The inter-group identity ranged from 6% to 87%, that between some members (e.g., TaPDIL2-3 to TaPDIL5-9) being higher than intragroup identities, suggestive of recent mutations influencing the domain-based grouping of proteins.
The rice-wheat comparisons yielded several examples of 80-90% identity (e.g., OsPDIL1-1 to TaPDIL1, TaPDIL2 and TaPDIL3; OsPDIL2-1 and OsPDIL2-3 to TaPDIL2-4; OsPDIL5-1 to TaPDIL5-1; OsPDIL5-2 to TaPDIL5-7; OsAPRL1 to TaAPRL1) (Table S3) , suggestive of their orthology. The limited identities (typically 7-45%) between most other members suggest a greater degree of divergence of these genes before the separation of the two plants from a common ancestor, as well as further changes. Based on protein identities, orthologues of the unexpressed genes OsPDIL2-4, OsPDIL5-3 and OsPDIL5-5 could not be identified in wheat, and no orthologues were noted in the QSOXL group.
Characteristics of the five PDIL protein groups The PDIL1 group. The putative full-length OsPDIL1 proteins ranged from 394 residues/43.7 kDa to 563 residues/62.2 kDa (Table 1) , while the TaPDIL1s ranged from 512 residues/56.4 kDa to 585 residues/63.7 kDa (Table 3 ). The OsPDIL1s shared identities of 7-61% (Table S1 ), the TaPDIL1s shared 26-98% (Table S2), and the inter-plant identities were 12-86% (Table S3). The putative alternative splice forms OsPDIL1-3 and OsPDIL1-3a varied by 53 amino acid residues at the N-terminus (Fig. S1A) , the presence of corresponding TAs indicating both forms are expressed. The putative amino acid sequences were aligned with human PDI (Ferrari & Soling 1999 ; UniProt Acc. No. P07237) for predicting secondary structures and assessing phylogenetic relationships. All plant PDIL1s showed Nterminal signal peptides (22-61 residues in rice, 22-28 residues in wheat) for ER targeting (Price et al. 1991) , the four classical domains (a, b, b', a'), the x-linker and C-extension (26-47 residues) (Fig. S1A) . All except OsPDIL1-6 exhibited a strict conservation of the C-terminal KDEL, a signature ER retention/retrieval signal for ER lumenal soluble proteins (Jackson et al. 1990; Freedman et al. 2002) , and were predicted to be ER-located with high confidence (Tables 1,3). The TRX active site WCGHC was conserved in the a and a' domains of all isoforms except three OsPDIL1s (a: WCAHC/WCERS/WYPKC; a': WCVDC/WAYQC). From our comparisons (Bhave et al. 2011 ; data not shown), OsPDIL1-4 is most similar to soybean GmPDIL-2 . The TRX sites of OsPDIL1-5 (WCERS/WCVDC) are similar to soybean GmPDI-3a and GmPDI-3b (CPRS/CXXC) (Iwasaki et al. 2009 ). The cDNAs for TaPDIL1-1, TaPDIL1-2 and TaPDIL1-3 reported by us previously (Johnson et al. 2001 ) encode proteins with 83-87% identity to OsPDIL1-1, which is encoded at the rice esp2 locus (Takemoto et al. 2002 ) (discussed later). The phylogenetic tree shows TaPDIL1-4 to be most closely related to OsPDIL1-4 (Fig. 4A) .
The PDIL2 group. The nine OsPDIL2 members ranged from 229 residues/25.8 kDa to 471 residues/53.8 kDa (Table 1) , the four putative TaPDIL2s were smaller (210 residues/22.5 kDa to 440 residues/47.2 kDa) (Table 3) , and both groups exhibited signal peptides (OsPDIL2s: 18-29 residues; TaPDIL2s: 22-30 residues). OsPDIL2-1 and OsPDIL2-1a differed at two positions, the TAs indicating both are expressed. Of the three potential splice forms of OsPDIL2-3, two were represented by an EST/TA. Ignoring the alternative forms, the OsPDIL2s showed 10-82% identities (Table S1 ), TaPDIL2s showed 12-70% identities (Table S2) , and the inter-plant identities were 9-89% (Table S3) . Alignment with human hP5 (Hiyano & Kikuchi 1995; UniProt Acc. No. Q15084) and alfalfa P5 (Shorrosh & Dixon 1992 ; UniProt Acc. No. P38661; initially thought to be similar to hP5 but later shown to vary;) revealed three rice isoforms (OsPDIL2-1, OsPDIL2-1a, OsPDIL2-2) and two wheat isoforms (TaPDIL2-1, TaPDIL2-2) had a structure similar to alfalfa P5 (a • , a, and an ERp29-like extended C-terminal 'D domain') and lacked KDEL (Fig. S1B ). OsPDIL2-3 and TaPDIL2-4 (a • , a, b, c domains, and lack of KDEL) were most similar to hP5 and to AtPDIL2-2, AtPDIL2-3 and soybean GmPDIM (Bhave et al. 2011 ; alignments not shown). OsPDIL2-4 and TaPDIL2-2 only had the a and a' domains and lacked b and/or c domains, and TaPDIL2-3 had a shoterned a' domain. Seven OsPDIL2s and all TaPDIL2s exhibited two conserved active sites (WCGHC), while two of the OsPDIL2s had variants (WCRPC, WCPPC). All PDIL2 lacked KDEL; certain C-termini were unique to rice (LLST, CLLR, SAAK) or wheat (AFSS, KSGN, AART), while NDEL and TFSS were shared. The ER retention signal NDEL has been noted in other plant genes (He et al. 2004 ) and other unusual C-termini have been reported for some AtPDIL2s (e.g., VASS, KDDL; Houston et al. 2005) ; however, all other rice and wheat PDIL2 termini are novel. The identities (Table S3 ) and phylogenetic tree (Fig. 4B) suggest TaPDIL2-1 and TaPDIL2-2 may be duplicates or homeoalleles, and are likely to be orthologues of OsPDIL2-1 and OsPDIL2-2. TaPDIL2-3 and TaPDIL2-4 may also be duplicates/homeoalleles and orthologous to OsPDIL2-3.
The PDIL5 group. The seven OsPDIL5s (125-485 residues; 13.9-54.4 kDa) (Table 1) , when aligned with human ERp18 (Liu et al. 2003) showed all had Nterminal signal peptides (28-35 residues) (Fig. S1C) . The ten TaPDIL5s were very similar in size (14.7-54.4 kDa, 130-485 residues) ( Table 3) . Excluding potential alternative forms, the OsPDIL5s exhibited identities of 1-68% (Table S1 ), the TaPDIL5s showed identities of 7-86% (Table S2) , and the inter-plant identities were 7-86% (Table S3 ). The WCGHC in the expected single a domain was conserved in two OsPDIL5 and seven TaPDIL5s, the others exhibiting WCSPC, (Fig. S1 ), two isoforms (OsPDIL5-4, OsPDIL5-4a) contained a C-terminal extension, and OsPDIL5-4a had a 90 residue-long extension at the N-terminus. None of the C-termini were KDEL, many being unique to rice or wheat but others (LQDS, AHEE, GKNI) shared. The identities (Table S3 ) and phylogenetic tree (Fig. 4C) suggest TaDPIL5-1, TaPDIL5-2, and TaPDIL5-3 may be homeoalleles/duplicates and likely orthologues of OsPDIL5-1, and TaPDIL5-5 and TaPDIL5-6 may also be duplicates/homeoallelic. TaPDIL5-7 and TaPDIL5-8 appear most related to OsPDIL5-2, TaPDIL5-10 to OsPDIL5-3. However, no clear rice orthologue of TaPDIL5-4, TaPDIL5-5, TaPDIL5-6 and TaPDIL5-9 could be identified.
WCKHC or WCYWS. Compared to human ERp18
The QSOXL group. The putative OsQSOXL1 and OsQSOXL1a encoded 513 or 518 residues (57.8 or 58.4 kDa) proteins with 98% identity, but a TA was found only for OsQSOXL1 (Table 1 ). The single TaQ-SOXL encoded a 301 residues/32.9 kDa protein (Table 3). Alignment with human HsQSOXL1 (HSU97276) showed all QSOXLs had a signal peptide and the a/a' domains with WCPAC (as noted in some AtQSOXs; Houston et al. 2005) (Fig. S1D) . The rice sequences exhibited an ERV1 domain including its three parts (Thorpe et al. 2002) , while the wheat sequence lacked this section. The C-terminal KNWN, LKKI and LAWK are novel, the proteins being predicted to be in the ER and elsewhere. AtQSOXLs also lack a typical ER retention signal (have REKE or PRRR) but have been isolated from the ER (Houston et al. 2005) . The APRL group. Seven OsAPRLs (207-475 resi-dues/22.7-50.6 kDa) and one TaAPRL (463 residues/ 50.5 kDa) were also identified (Tables 1,3 ). The OsAPRLs shared identities of 5-39% (Table S1) , and inter-plant identities were 8-81% (Table S3 ). OsAPRL3 and OsAPRL3a may be alternative splice forms, but a TA was noted only for OsAPRL3a. OsAPRL1 and TaAPRL1 presented a single C-terminal active site (WCPFC and WCPYC, respectively) (Fig. S1E) , while five other OsAPRLs contained N-terminal WCPFS. Os-APRL1 and TaAPRL1 showed a chloroplast transit peptide (Gavel & von Heijne 1990) of 63 or 64 residues and both were predicted to be in the chloroplast. The C-termini lacked KDEL and were novel compared to AtAPRLs. Some were unique to rice (NSLR, NELR, LVFS, PSLS, PSTS SRQA, AVLD) while SSSQ was unique to TaAPRL1. The identities and phylogenetic tree (Fig. 4E ) suggest TaAPRL1 may be orthologous to OsAPRL1.
Identification of QTLs associated with grain quality or plant development
The searches of the comparative grass genomics database (http://gramene.org/) for QTLs associated with grain quality or plant development traits led to the total protein content QTL (AGFU022) (0-116cM) and consistency viscosity QTL (CQAG19) (17.3cM) on chromosome 6.
Discussion
Activation of the 'unfolded protein response' (UPR) and upregulation of chaperones and foldases are reported to occur in cells exhibiting higher protein folding and secretory activity under developmental events (e.g., developing seeds) or stress conditions as reviewed by Urade (2007) . In support of this, many reports show upregulation of specific PDIs during seed development in dicots and monocot, e.g., castor bean (Coughlan et al. 1996) , soybean (Wadahama et al. 2007 , maize (Li & Larkins 1996) , barley (Mogelsvang & Simpson 1998) and wheat (Shimoni et al. 1995b; Grimwade et al. 1996; DuPont et al. 1998) . However, compared to human PDIL research that shows numerous enzymatic, protein-protein association and chaperone functions (Appenzeller-Herzog & Ellgaard 2008 ; and references within), limited information exists as yet on the composition of plant PDIL superfamilies and the full extent of their contributions to physiology. The present work has yielded much data on the PDIL families in the two most important cereals, where correct processes of seed development and protein deposition are crucial for nutritional quality and commerial uses. The twenty two putative PDIL loci in rice and twenty PDIL-encoding TAs in wheat fell into five groups based on the characteristics of the main domains and TRX active sites, i.e., PDIL1 (7 rice, 4 wheat), PDIL2 (9 rice, 4 wheat), PDIL5 (7 rice, 10 wheat), QSOXL (2 rice, 1 wheat) and APRL (7 rice, 1 wheat). Identities within groups and between potential orthologues suggest several gene duplication events, before and after the separation of the two species, followed by dispersion onto different chromosomes, i.e., Os11g09280/Os04g35600/LOC Os02g34940/Os05g06 430 and Os01g23740/Os04g35290/Os02g34530, or Os0 6g11740 and Os02g51850. The wheat TaPDIL2-2 and TaPDIL2-1, and TaPDIL2-3 and TaPDIL2-4, may also be duplicates.
All putative PDIL1 proteins exhibited the four main domains (a, b, b', a') characteristic of human PDI (Freedman et al. 2002; Wilkinson & Gilbert 2004) , with the length of x-link between b' and a' being conserved except for small (1-5 residues) insertions/deletions. Some variations were noted in the active-site motifs (a domain: WCAHC/WCERS/WYPKC; a' domain: WCVDC/WAYQC). Variants have also been reported for Arabidopsis AtPDIL1s (WCGAC, WCARS, WCVNC, WCINC) (Houston et al. 2005) . PDIs with the active site WCXXC show both disulphide oxidation/reduction and isomerisation activities (Holmgren 1985) , but those with WCXXS can only catalyze disulfide isomerization (Woycechowsky et al. 2000; Serrato et al. 2008) . Further, soybean GmPDI-3a and GmPDI3b (CPRS/CXXC) localize to the ER lumen, but lack oxido-reductase as well as chaperone activities (Iwasaki et al. 2009 ); thus OsPDIL1-5 (WCERS/WCVDC) may have similar properties. The gene OsPDIL1-1 at the esp2 locus has been functionally associated with the segregation of glutelin and prolamin polypeptides during formation of protein bodies in rice grain (Takemoto et al. 2002) .
We have previously reported three cDNAs encoded by homeoalleles on group 4 chromosomes, the products (TaPDIL1-1, TaPDIL1-2 and TaPDIL1-3) of which are highly similar (83-87%) to OsPDIL1-1 (Johnson et al. 2004) . One of these cDNAs was also found to be synthenic to rice esp-2 (Johnson et al. 2006 ). The present work has identified one further locus (TaPDIL1-4) encoding putative ER-localised proteins. A 60 kDa PDI is reported in the ER lumen of wheat endosperm cells, co-localizing with storage proteins (Shimoni et al. 1995a,b) .
The present work identified several mature TaPDI L1s of about 54 kDa, and events such as glycosylation may increase their mass, suggesting they could represent the 60 kDa PDI. The first reported wheat PDI cDNA (corresponding to TaPDIL1-1) was from a root tip library (Shimoni et al. 1995a) , suggesting roles of PDI in vegetative tissues as well. Some Arabidopsis PDIL1s have roles in ER stress response as enzymes and chaperone/co-chaperones (Kamauchi et al. 2005; Lu & Christopher 2008a) . The soybean GmPDIL-1 and GmPDIL-2 also play a role in the folding of storage proteins, possibly as chaperones , and a cDNA corresponding to GmPDIL-1 is upregulated under ER and/or osmotic stresses (Irsigler et al. 2007 ). Further, a wheat PDI cDNA (representing TaPDI1-1) was upregulated and likely involved in defence from fungal pathogens (Ray et al. 2003) . The cereal PDIL1s may thus have a wide range of enzymatic and chaperone activities and stress response roles.
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Of the PDIL2s, some in each plant showed Nterminal a
• and a domains; and small insertions/deletions in the a, a
• or b domains, while others showed additional b and/or D domains. The isoforms with conserved WCGHC in both a
• and a domains are likely to have the full range of catalytic activities. The ER retention motif NDEL has been noted elsewhere (He et al. 2004 ) and suggests ER location, while the cellular locations of other novel variants need investigation. The key features of OsPDIL2-1, OsPDIL2-2, and TaPDIL2-1 (a • , a, and the ERp29-like 'D domain') are similar to alfalfa P5 (Shorrosh & Dixon 1992) , soybean GmPDIS-1 and GmPDIS-2 (Wadahama et al. 2007 ) and AtPDI11 (Lu & Christopher 2008a; or AtPDIL2-1, Houston et al. 2005 ). TaPDIL2-1 was identified as TaPDIL4-1, encoded by a gene with 12 exons, located on chromosome 1S and suggested to be involved in the development of vegetative and reproductive meristems (d'Aloisio et al. 2010) . GmPDIS-1 and GmPDIS-2 have been located in ER lumen and associated with storage proteins folding, and GmPDIS-1 is physically associated with the storage proteins proglycinins and upregulated under ER stress (Wadahama et al. 2007 ). AtPDI11 (Lu & Christopher 2008a ) also localized in the ER and was designated as PDI-D ), due to its homology to the long C-terminal 'D domain' of Dictyostilium PDI, which lacks KDEL but has a 57-residue long sequence involved in ER retention (Monnat et al. 2000) . These observations strongly indicate that the cereal PDIL2 isoforms are strong candidates for being ER-based folding catalysts and/or chaperones. TaPDIL2-4 (reported as TaPDIL5-1, encoded by a gene located on 5L; d'Aloisio et al. 2010) and OsPDIL2-3 were most similar to hP5 (Hayano & Kikuchi 1995) , which possesses oxidase, isomerase and chaperone activities (Ellgaard & Ruddock 2005; Kim et al. 2009 ). Interestingly, these two isoforms are also closely related to AtPDIL2-2 and AtPDIL2-3, which are involved in ER stress response (Kamauchi et al. 2005; Lu & Christopher 2008a) , and to GmPDIM, which physically associates with and plays chaperone roles in storage protein folding and is upregulated under ER stress and expressed in several tissues . Such roles thus seem highly plausible for OsPDIL2-3 and TaPDIL2-4.
All PDIL5 exhibited only the a domain (Jeong et al. 2008; Kim et al. 2009 ) with two small insertions in OsPDIL5-4/OsPDIL5-4a. The active sites WCKHC or WCYWS are noted in some AtPDIL5s (Houston et al. 2005) , but their activites, especially of isoforms containing WCYWS, need investigation. The N-terminal extensions on two isoforms, with no predictable signal peptide cleavage site, are as found in two AtPDIL5s and suggest locations other than ER. The cytosolic PDIL5-1 in maize, with a chaperone role (Houston et al. 2005) , is ortholgous to OsPDIL5-1, TaPDIL5-1, TaPDIL5-2 and TaPDIL5-3. TaPDIL5-2 was reported as TaPDIL6-1b, encoded by a gene with 9 exons and located on chromosome 4 (d 'Aloisio et al. 2010) . The extra C-terminal sequences found on most members have also been reported in three Arabidopsis PDIL5s (Houston et al. 2005 ); this extension may contain the b domain for peptide binding (Freedman et al. 2002) . The human ERp18 with C-terminal EDEL is responsible for apoptosis during ER stress caused by accumulation of misfolded proteins (Jeong et al. 2008) . As TaPDIL5-2 shows a similar structure including the EDEL, a similar role can be envisaged.
The OsQSOXLs presented an ERV1 domain related to the sulfhydryl oxidase activity (Lee et al. 2000; Thorpe et al. 2002) , while TaQSOXL lacked this domain. All QSOXLs were predicted to be ERlocated, but the unusual C-termini (KNWN, LKKI) compared to those of AtQSOX1 and AtQSOX2 (Hourton et al. 2005 ) indicate a need for further study. The presence of the single active site at the C-terminus and a lack of it at the N-terminus in some APRL1s, or the converse locations in others, have both been noted in AtAPRLs (Gutierrez-Marcos et al. 1996; Houston et al. 2005) . The chloroplast transit on OsAPRL1 and TaAPRL1 is as noted in Arabidopsis PRH-19, PRH-26 and PRH-43 (Gutierrez-Marcos et al. 1996) . The locations and biochemical activities of these isoforms as oxidoreductases and isomerases need further study.
The rice QTLs for total protein content (AGFU022) and consistency viscosity (CQAG19) are in chromosomal regions that contain one PDIL gene each, and one can envisage that these traits may involve foldase and/or chaperone activities for correct protein assortments and PB deposition. However, most QTLs typically occupy large sections of chromosomes; hence all relevant candidate genes including PDILs need to be investigated for genetic associations. The PDIL sequences from both cereals identified here provide significant data for analysis of inter-cultivar variability, physical locations, and any genetic association with traits relevant to grain quality or stress response. Studies on interactions of the PDIL isoforms with one another and with other chaperones will also be valuable.
Conclusions
The work has led to significant molecular data on the structurally diverse and functionally rich PDIL superfamilies in the two most important cereals. A number of new ER-localized isoforms, with potential enzymatic and/or chaperone roles relevant to seed storage protein folding and deposition processes, and ER and environmental stress response, have been identified. The results provide important tools for studies of gene expression, protein interaction partners, physical and genetic mapping, and determining any associations of these genes with QTLs related to grain quality and stress tolerance.
